Torsion experiments were carried out on pure magnesium (99.9%) 
Introduction
Recent interest in using magnesium for automotive, aeronautical, and aerospace parts and other lightweight structures is due to its low density and reasonable mechanical properties. Nevertheless, the practical use of this material requires shape forming. During forming, large plastic deformations are applied to the material; thus, it is of primary importance to know its behavior under large deformations. There is, however, very scarce information about the mechanical behavior of Mg at large strains in torsion ͓1,2͔, as most of the testing is done in tensile loading where uniform deformation is limited due to strain localization.
In torsion testing it is possible to achieve very large uniform deformations without rupture or localization. Therefore, this test is convenient to determine the work hardening characteristics of metals. When the test is carried out under free-end conditions, an axial elongation or contraction-called the Swift effect ͓3͔-can take place. In fixed-end testing, axial tensile or compression stresses accompany the shear strain. These axial effects are important phenomena in the validation of theoretical models ͓4͔. Several works are available in the literature on texture development in torsion of metals on solid bars and tubes ͑for example, for cubic ͓5-10͔ and for hexagonal metals ͓1,2,11,12͔͒.
The torsion test is most conveniently carried out on a full bar with a circular section. The angle of torsion and the torque are measured. These quantities must be converted into shear deformation and shear stress, respectively. Given that the deformation is inhomogeneous throughout the section of a full bar, it is necessary to carry out a certain analysis in order to obtain the shear stress. Owing to the fact that a radial material line remains radial during torsion, it is possible to use the Fields and Backofen formula ͓13͔ to obtain the "stress-strain" data from the "torque-twist angle" curve.
The analytical and experimental examinations of the behavior of polycrystalline metals subjected to very large deformations have been the subject of many studies. The development of deformation textures has also attracted considerable interest, mainly because this phenomenon leads to anisotropic properties, significant in many forming processes ͑e.g., stamping, extrusion, rolling, and wiredrawing͒. An understanding of the macroscopic stress and deformation responses of the polycrystals is particularly important in the numerical modeling of these metal forming operations ͓10͔.
In the present work, torsion test results are presented for the free-end torsion of pure magnesium and a magnesium alloy. The torque as a function of twist angle and the axial strain were measured at different temperatures. The stress-strain curves were obtained from the torque-angle of twist curves. Employing the approach based on the equilibrium equation ͓14,15͔, the evolution of the texture and the Swift effect were reproduced successfully using viscoplastic polycrystal modeling. The initial textures between the Mg alloy and pure Mg were very different; contrary to the Mg alloy, the initial texture of pure Mg is nonaxisymmetric with respect to its longitudinal axis. This was caused by the origin of the sample as it was cut out from a previously rolled plate and because rolling induces strong basal textures in Mg ͑see, for example, Ref. ͓16͔͒. This characteristic of the initial texture generates heterogeneities of the texture in the sample during shear deformation. Dynamic recrystallization ͑DRX͒ also changed the texture in pure Mg at 250°C, which was interpreted with the help of the Taylor factor. Finally, an analysis of the texture evolution was carried out for these different cases with the help of the ideal orientations and persistence characteristics of hexagonal simple shear textures ͓17͔.
Experiments
Free-end torsion tests were carried out on solid bars of pure magnesium ͑99.9%͒ and on the AZ71 Mg alloy ͑composition: 7 wt % Al, 1 wt % Zn, balance Mg͒. AZ71 was tested at three different temperatures ͑room temperature, 150°C, and 250°C͒ at a strain rate of 2 ϫ 10 −3 s −1 . The average initial grain size was about 40 m in AZ71. Pure magnesium had an average grain size of 20 m; it was tested at 250°C and at room temperature at two different strain rates: 7.7ϫ 10 −4 s −1 and 7.7ϫ 10 −3 s −1 . The testing at 250°C was conducted according to the following schedule: First the sample was positioned in the equipment, then it was heated slowly up to 250°C. After testing, the samples were cooled rapidly with water. The pure Mg samples had been cut from a rolled plate so that the longitudinal axis was parallel to the rolling direction ͑RD͒, while the AZ71 samples had been obtained from extruded materials. The sample dimensions are shown in Fig. 1 . The samples were fixed to the grips with the help of three screws at each end. The torsion tests were carried out on a specially designed computer controlled apparatus with axial freedom of motion in a vertical setup. Due to the axial bearing, the samples were subjected to a constant axial loading of about 10 N ͑the weight of the bearing system͒. However, this load represented an axial stress of only about 0.35 MPa, which is practically negligible with respect to the flow stress of the material. All friction forces were also negligibly small with respect to the measured torque. The torque as a function of the twist angle, as well as the axial strain, was measured during the free-end torsion testing. These data were converted into shear stress-shear strain quantities using the Fields and Backofen formula ͓13͔. This formula is more general than the Nadai formula ͓18͔ as it takes into account the strain rate sensitivity of the material response,
Here a is the shear flow stress at the outer radius ͑a͒ of the bar, T is the torque, and is the twist angle. The shear strain is calculated from the angle of rotation and refers always to the outer radius of the sample in this work. The textures, before and after deformation, were measured by electron backscattering diffraction ͑EBSD͒ in a scanning electron microscope with a 1.0 m resolution. Data acquisition and analyses were performed using the HKL software. For the texture measurements and for the metallographic study, the magnesium alloy samples were first polished mechanically then in an electrolyte that was composed of 85% phosphoric acid H 3 PO 4 and 95% ethanol in a 3:5 proportion. In the EBSD measurements, the indexation quality was 80% in the nondeformed sample, while it was 40% in the deformed samples. This might appear to be a low indexation result; however, each grain was resolved by about the same quality of indexation. Moreover, further X-ray measurements have quantitatively confirmed the EBSD measurements. The pure magnesium sample was first mechanically polished then ion bombarded to finally obtain an indexation quality of about 75%.
Experimental Results

Sample Geometry of Torsion Deformed Pure Mg Bar.
While the bar of the Mg alloy remained circular during torsion, the pure Mg bar showed a nonaxisymmetric deformation. Figure 2 displays photos of the pure Mg sample deformed at 250°C, showing the sample surface ͑Fig. 2͑a͒͒, a section parallel to the longitudinal axis ͑Fig. 2͑b͒͒, and one perpendicular to the z axis ͑Fig. 2͑c͒͒. Two helices developed on the surface of the bar, which are well visible in Fig. 2͑a͒ . Both of them appear to be split into two parallel helices. The places where the helices pass are called "ears," while the regions between them are called "faces" in this paper. The ear and face locations are actually positions with relatively large and small radii. Nonetheless, they were not always exactly at the maximum/minimum radii positions, just close to them. At a given cross section, perpendicular to the sample axis, there are two ears and two faces. Because of this, the sample cross section shows significant deviations from the initial circular shape ͑Fig. 2͑c͒͒.
Swift Effect.
The shear deformation was very limited at room temperature testing, reaching only ␥ Ϸ 0.2 in the alloy and about 0.4 in the pure metal. At 250°C, the maximum plastic shear strain was much larger; for the pure Mg it was about 1.7. The experimental results for the length changes are presented in Fig. 3 . In all tests, there is shortening for all conditions of temperature or strain rates. This shortening could reach 1.8% for AZ71 and 9% for pure magnesium. ͑The initial transient displaying lengthening is within the error of the measurement.͒ It can be noted that shortening stops in pure magnesium, while AZ71 shortens steadily. Figure 4 shows the strain hardening curves for the AZ71 alloy derived from the experimental measurements of the torque-twist angle by using Eq. ͑1͒. Concerning the pure Mg samples, as they had no axisymmetric textures, Eq. ͑1͒ could not be applied to them because rotational isotropy around the bar axis is assumed in the Fields and Backofen formula. As can be seen, the yield stress decreases a little between 20°C and 150°C, while a strong decrease occurs between 150°C and 250°C. It indicates that there is a change in the deformation mechanism, which is probably the occurrence of deformation Transactions of the ASME twinning, which is virtually inactive at 250°C. While twinning is very active at room temperature ͓19͔, it has been observed in Barnett et al. ͓20͔ that twinning is strongly reduced at high homologous temperatures. There is also an important difference in the rate of strain hardening between 150°C and 250°C. It is much higher at 150°C, an effect that can also be attributed to twinning, which is still active at this temperature.
Strain Hardening.
Textures and Microstructures.
The grain structure after deformation at 250°C is shown in Fig. 5͑a͒ for the AZ71 and in Fig. 5͑b͒ for pure Mg. As can be seen, the large axes of the grains are inclined at an angle of about 30°with respect to the longitudinal axis in the shear direction for the AZ71 sample at a shear of 0.9 near the outer surface of the sample. ͑The same inclination angle is obtained from a visual analysis and using the HKL software of the EBSD equipment.͒ From the applied shear, nearly the same angle can be obtained for the inclination of the main grain axis starting from a spherically shaped grain under simple shear ͓21͔,
This agreement of the angles suggests that there was no dynamic recrystallization in the AZ71 material during torsion at 250°C. However, the equiaxed grain structure in pure Mg after a shear of 1.6 implies that dynamic recrystallization took place in this material at 250°C ͑Fig. 5͑b͒͒.
The color codes of the grains in Fig. 5 indicate that the orientation distribution is not random in the AZ71 and pure Mg samples; there must be significant textures in both materials. Precise information about the textures was obtained with EBSD measurements; they are shown in Fig. 6 for the AZ71 sample and in Figs. 7 and 8 for pure Mg. In all pole figures shown in this paper, the projection plane is the plane with normal r ͑the radial axis͒, the shear direction is horizontal ͑ axis͒, and the axial direction ͑z͒ is vertical. Figure 9 displays the ideal fiber orientations of hexagonal crystals for simple shear ͓17͔.
The texture in the deformed AZ71 sample in Fig. 6 was measured within a 500ϫ 650 m 2 surface parallel to the longitudinal axis of the sample. The initial experimental texture is presented in Fig. 6͑a͒ . As can be seen, the initial texture is a ͗1010͘ ʈ z fiber texture with moderate strength. That is, the c axis is mostly perpendicular to the axis of the bar; it lies in the shear plane during torsion. Figure 6͑b͒ shows the texture in a zone where the average shear deformation was 0.9. After a shear of ␥ = 0.9, the texture is just slightly stronger but is very different from the initial texture. It seems to be rotated by an angle of about 30°around the radial axis with respect to the initial texture.
The initial texture in pure Mg is shown in Fig. 7 , while the deformation textures ͑after a shear strain of 1.6 at the outer surface and at a rate of shear 7.7ϫ 10 −4 s −1 at 250°C͒ are displayed in Fig. 8 . Due to the origin of the Mg sample ͑from a rolled plate, cut out parallel to the RD͒, the initial texture of the pure Mg samples was not axisymmetric: a ͗0002͘ ʈ ND fiber was identified ͑ND: normal direction to the rolled plate͒. This ND direction, which is the fiber axis, is identified in Fig. 2͑d͒ with a large white arrow. Again, the c axis lies in the plane of the shear ͑perpendicu-lar to the z axis͒, similar to the AZ71 material. However, it is now oriented only in one specific direction, the ND of the plate from which the sample originated, and this is the fiber axis.
The deformation textures were examined at four locations situated at a distance of 500 m from the external surface. These locations are identified in Figs. 2͑a͒ and 2͑b͒; they are named Ear-1, Ear-2, Face-1, and Face-2. They were measured in the same vertical section; however, their initial position is also important with respect to the initial texture because it was not axisymmetric. This is why the initial positions of the measurement places are shown in Fig. 2͑d͒ together with the corresponding rotations around the z axis that took place during the twisting. These rotations will be used in the simulation of the textures ͑see below͒. The textures that correspond to these initial positions are plotted in the first column of Fig. 8 ; they are simply the initial textures rotated by the angles shown in Fig. 2͑d͒ . These textures were sheared with the same positive shear and gave the final measured textures that were measured at the places indicated in Fig. 2͑b͒ ; they are plotted in the second column in Fig. 8 . These textures are quite different from each other. ͑Please note that they would be identical if the initial texture of the bar was axisymmetric.͒ All deformation textures seem to be mainly a rotated version of the corresponding initial textures around the local radial R axis.
Polycrystal Simulations
For the modeling of the deformation textures and the Swift effect, the viscoplastic polycrystal self-consistent code developed by Lebensohn and Tomé ͓22͔ ͑VPSC, Version 7͒ was applied. The evolution of the grain shape with deformation was modeled, starting with initially spherical grains. For comparison purposes, the Taylor viscoplastic approach was also employed. The initial textures measured by EBSD were used as input grain orientations in the modeling. Several families of the slip systems are present in the hexagonal structured materials. They are basal ͕0001͖͗1210͘, prismatic ͕1100͖͗1120͘, pyramidal ͗a͘ ͕1011͖͗1210͘, pyramidal ͗c + a͘ type-I ͕1011͖͗2113͘, and pyramidal ͗c + a͘ type-II ͕2112͖ ϫ͗2113͘ ͑see Fig. 10͒ . An important point in hexagonal crystal- Transactions of the ASME lography is that the gliding resistances of the various families of slip systems are different. In the present investigation, several sets of the reference shear stresses were considered for the simulation. The simulations that were selected were those that corresponded best to the experimental observations. In this way, it was found that the following set of reference stresses gave the best results for pure Mg ͓1,8,6͔, where these values refer to the slip systems in the following order:
The same set was employed by Agnew et al. for different Mg alloys ͓23͔. However, for the AZ71 alloy, slightly different values were identified in the present work: ͑1,8,8,4.5,4.5͒. Deformation twinning was not considered for both materials in the simulations as only the high temperature case was examined ͑250°C͒. While twinning is an operational deformation mode at room temperature ͓24͔, its activity can be neglected at high homologous temperatures ͓20͔. Concerning the strain rate sensitivity at 250°C, the value of m = 0.2 was used for both pure Mg and AZ71 because experiments reported m-values in this range for different Mg alloys at high homologous temperatures ͑m = 0.15 in Agnew and Duygulu ͓25͔ and 0.14Յ m Յ 0.5 in Kim et al. ͓26͔͒ . This m-value is considered to be the same as the strain rate sensitivity exponent of slip in the constitutive behavior ͓27͔,
͑3͒
Here s,f is the resolved shear stress in the slip system indexed by s of the family indexed by f, ␥ s,f is the slip rate, and the 0 f value is the reference stress level ͑at which the slip rate is ␥ 0 ͒. The reference shear rate ␥ 0 is supposed to be the same for all slip systems. Equation ͑3͒ has been widely used in crystal plasticity simulations ͓27-35͔. The slip systems are grouped into "families" for which purpose the index f is used. It is assumed here that the reference shear stress 0 f is the same within a given slip system family but can be different from one family to another. Slip system hardening due to deformation was not modeled. The simulation results obtained for the AZ71 sample are presented in Figs. 6͑c͒ and 6͑d͒ at the experimental strain ͑␥ = 0.9͒ and also at a larger strain ͑␥ = 4.0͒ for a better understanding of the global movement of the grains. These results were obtained for simple shear; the relatively small Swift effect was neglected.
The simulation of the Swift effect was performed by using the approach based on the equilibrium equation ͑see the model in Refs. ͓14,15͔͒ for the AZ71 alloy and only for 250°C. In this modeling, the bar is divided into five layers, and in each layer there are 691 grain orientations representing the initial texture. The modeling is only applicable to textures that are axisymmetric, so the Swift effect for the Mg samples was not modeled. Both the self-consistent and the Taylor model were applied. Work hardening was also neglected in these simulations; however, it will be shown in Sec. 5.1 that the strain hardening curve is faithfully reproduced at 250°C. The results of the simulations of the Swift effect are shown in Fig. 3͑b͒ , in comparison with the experiments. In agreement with the measurements, shortening was obtained in the modeling. The Taylor model, however, reproduces the experimental shortening better than the self-consistent model. The predicted textures when the Swift effect is accounted for are shown in Figs. 6͑e͒ and 6͑f͒ in the form of pole figures. Again, the Taylor model seems to better reproduce some features of the textures, such as the general rotation angle of the texture, which is overestimated by the self-consistent model.
For the modeling of the texture development in pure Mg, simple shear was assumed ͑i.e., the shortening was neglected͒. Thus, the imposed velocity gradient in the local Cartesian reference system corresponding to simple shear was the following:
where axis 2 is parallel to the z plane normal and axis 1 is the shear axis in the direction.
Simulations were performed at each location where the texture was measured up to a shear of 1.3, corresponding to the local shear, and the results are displayed in the third column of Fig. 8 . 
Discussion
With the help of the so-called persistence parameter P, the ideal orientations for hexagonal materials in simple shear were identified recently in Beausir et al. ͓17͔. P is defined from the lattice spin ⍀ = as follows:
where g denotes the orientation g = ͑ 1 , , 2 ͒, = is the strain rate tensor, and is the applied von Mises equivalent strain rate. The persistence parameter takes high values in regions of orientation space where the rotation rate of orientations is low. Making maps of P in orientation space, the ideal orientations-all of them are fibers-could be identified for the simple shear test and for hexagonal crystals. Five fibers were found ͑B, P, Y, C 1 , and C 2 ͒, which were defined in orientation space with the Euler angles ͑ 1 , , 2 ͒ that correspond to the reference system defined with the x 1 axis parallel to the shear direction ͑͒, x 2 being the shear plane normal ͑z axis͒, and x 3 being the radial axis ͑r͒. They are B ͑0°,90°,0-60°͒, P ͑0°,0-90°,30°͒, Y ͑0°,30°,0-60°͒, C 1 ͑60°,90°,0-60°͒, and C 2 ͑120°,90°,0-60°͒. They correspond, respectively, to the basal, prismatic, pyramidal ͗a͘, pyramidal ͗c + a͘ type-I, and pyramidal ͗c + a͘ type-II families ͑see the slip system families in Fig.  10͒ . According to Beausir et al. ͓17͔ , the principal ideal fibers in magnesium are B and P; they are shown with thicker lines in Fig.  9 . The persistence parameter itself is not sufficient to describe the behavior of the orientations. The rotation field in vector form is also necessary. They were also presented in Beausir et al. ͓17͔ and will be used in the present paper to explain the texture evolution in the AZ71 alloy and in pure magnesium during the torsion test.
Texture Evolution and Hardening in AZ71.
The evolution of the texture during torsion can be understood with the help of the simulations that are displayed together with the experiments in Fig. 6 . It can be seen that the simulated texture at the same shear strain as the experiment ͑␥ = 0.9͒ shows the texture rotated around the r axis. The predicted rotation angle is 35°, while the experimental value is 30°. It is interesting to note that this rotation angle is even larger than the rigid body rotation, which can be obtained from the shear of 0.9, which is only 26°. It is apparent from the pole figure that a rotation of 90°in the direction of shear would be needed in order to reach the ideal B fiber. As the strain is relatively low ͑0.9͒, it is not enough to reach the ideal position, not even if the rotation rate is equal to the rigid body spin. That is, the initial fiber is very far from the ideal position; as its persistence is very low, it must rotate quickly. The simulation in Fig.  6͑d͒ for the shear of 4.0 illustrates that it is possible to reach the B fiber if the strain is very large. This simulated texture shows an 
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Transactions of the ASME interesting feature, namely, a certain split of the main component that is clearly visible in the ͑0002͒ pole figure. Such a split can also be observed in experiments as well as in simulations at large strains that can be attained in the Equal Channel Angular Extrusion ͑ECAE͒ of Mg ͑see Agnew et al. ͓23͔ and Beausir et al. ͓32͔͒ . It can be attributed to an effect of grain shape. Such a split does not happen in Taylor modeling. At ␥ = 4, the grain shape is extremely elongated, which is accounted for in the so-called interaction equation of the self-consistent model, leading to the observed "split" nature of the main texture component. The geometrically predicted shape is a very elongated cigar at ␥ =4; nevertheless, grain subdivision happens during severe plastic deformation, which drastically reduces the ellipticity of the grains. When the grain shape is reset during self-consistent modeling, the split nature of the simulated texture is significantly reduced. Such simulation work was carried out by Beyerlein et al. ͓33͔ for ECAE of fcc polycrystals and is in development for the large strain torsion of Ni-Al ͓34͔. Figure 11 shows the textures in Orientation Distribution Function ͑ODF͒ format, in the 2 = 0°section of the orientation space. This is the section where the ͗1010͘ ʈ z initial fiber is located, at the 1 = 90°position parallel to the axis of Euler space. The rotation field is also plotted together with the ODF in order to see the evolution of the texture. It is shown by the arrows that are obtained from the lattice spin ġ = ͑ 1 , , 2 ͒. The length of the rigid body spin vector is also indicated in Fig. 11͑a͒ . As can be seen, the main trend of the rotation is in the direction of the rigid body spin with a final destination to the B fiber. Nevertheless, by approaching the B fiber, the rotation field is not only a rotation parallel to the rigid body spin; there is a component, too. A close inspection of the lattice spin vectors reveals that the rotation spin around the r axis ͑the 1 component of the rotation vectors͒ depends on the position; it is maximum along the 1 = 90°line. At this location, in the initial position ͑ 1 =90°, =90°, 2 =0°͒, it is even twice as high as the rigid body spin. This peculiarity of the rotation in hexagonal crystals was shown in the Appendix of Beausir et al. ͓32͔ . This is the reason why the rotation of the texture ͑30°͒ is larger than the rigid body rotation ͑26°͒.
When the strain is very high ͑at ␥ =4͒, the texture is further rotated in the direction of the rigid body spin and approaches Transactions of the ASME more the ideal B fiber; see the simulation result in Fig. 11͑d͒ . There also appears a secondary peak, which is farther from the ideal position. This is the same as the one seen in the pole figure in Fig. 6͑d͒ and discussed above.
Another effect in the development of the texture shown in Figs. 6͑d͒ and 11͑d͒ is that the main component only approaches the ideal position but does not reach it completely; there remains a "tilt" with respect to the ideal B fiber position. Such tilts are due to the convergent nature of the rotation field near the ideal positions, which are approached only from one side in orientation space ͓17͔.
Although hardening was neglected in the present simulations, appreciable hardening was observed in the simulated shear stressshear strain curve of the AZ71 material ͑see Fig. 12͑a͒͒ . Moreover, it agrees well with the experimental curve. To understand this phenomenon, the slip system activities are also plotted in Fig.  12͑a͒ . As can be seen, there are significant changes; basal slip decreases from an initial 93% to 35%, while the pyramidal systems become much more active. ͑Prismatic slip remains under 3% of activity.͒ Therefore, the observed apparent hardening is due to increased activity of the harder stress slip systems that become more active as a consequence of the orientation changes. This effect is called "textural hardening." A very similar effect was simulated in the work of Staroselsky and Anand ͓24͔-also without hardening-in AZ31 and at room temperature where twinning had to be taken into account.
Swift Effect in AZ71.
As shown in Fig. 3͑b͒ , both the Taylor and self-consistent models predict shortening. Nevertheless, it is quite unusual that the length changes predicted by the Taylor model approach better the measured values than the more sophisticated self-consistent model. At the same time, the texture predicted by the Taylor model is also better ͑see Fig. 6͒ . The differences between the textures obtained by the self-consistent model for simple shear ͑Fig. 6͑c͒͒ and with axial strain included ͑Fig. 6͑f͒͒ are also significant. Of course, these differences can be entirely attributed to the axial strain, which is not very small in the self-consistent case; it is about 19% at a shear of 0.9, therefore largely overestimated.
These simulation results are good examples to show the sensitivity of the Swift effect to the modeling conditions. This is why this effect is particularly suitable to assess large strain polycrystal models. In the self-consistent model, it is the grain-shape effect that is the most important element of the modeling. Initially spherical grains were considered, which were assumed to interact with their surrounding in a homogenized way. Perhaps at these relatively low strains ͑␥ Ͻ 0.9͒, the shape effect is overestimated in the self-consistent model, and this is the reason why the Taylor model works better. Nevertheless, at large strains, the selfconsistent model always gives better results ͑see, for example, Ref. ͓35͔͒. Further studies are needed to explore this shape effect in relation to the Swift effect; a detailed study is in preparation by Tomé et al. ͓34͔.
Texture Evolution in Pure Magnesium.
The peculiarity of the pure Mg sample is that it does not have an axisymmetric texture. As the samples were cut from a rolled plate, they contain a texture that is not the same at different angular positions with respect to the local shear. Thus, at a given angle, the initial texture is rotated with respect to the local shear, as illustrated by the rotation angles in Fig. 2͑d͒ . This angle increases linearly with the z coordinate due to the torsion of the sample, at least in uniform torsion-which is not perfectly valid in our case-but will be used as an approximation to calculate the rotation angles. Thus, the value of the rotation angle of a given position due to the applied shear was obtained from the following relation:
Here ␥ and r are the shear strain and the radial position, respectively. A rotation of 360°͑i.e., when the texture is again the same͒ belongs to a displacement of ⌬z = 11.78 mm in the vertical direction along the specimen ͑see Fig. 2͑b͒͒ . In order to simulate the evolution of the texture at the measured positions, simple shear was applied as defined in Eq. ͑4͒. The initial texture was first positioned with respect to the reference system using the rotation angles shown in Fig. 2͑d͒ . Then, positive simple shear was applied with a shear value of 1.3 with the VPSC model ͑this value of shear corresponds to the shear at the measurement locations of the textures͒. As can be seen in Fig. 8 , the simulations performed with the VPSC model reproduce the experimental measurements with a good agreement in positions Face-1, Face-2, and Ear-2. The agreement is less satisfactory in the Ear-1 position, but the general trend is reproduced.
Texture in the Face-1 Position.
The initial texture for the Face-1 position is presented also in ODF format in Fig. 13͑a͒ in the = 90°ODF section. As can be seen, the initial fiber is located at the 1 = 90°position. After the applied shear ␥ = 1.3, the fiber is displaced to the left by about 50°by a rotation around the r axis, also visible in the pole figures in Fig. 8 . The velocity field Transactions of the ASME associated with a positive simple shear applied on a magnesium crystal is superposed in the ODF figures. It shows a clear displacement in the decreasing 1 direction, which is also the direction of the rigid body rotation. However, this value of rotation is unusually high. Just like in the AZ71 material, it is again more than the applied rigid body rotation, which is only 37°for a shear of ␥ = 1.3. So this peculiarity has the same explanation, which was forwarded above for the AZ71 material; the fiber texture is very far from the ideal B fiber position, so it rotates very fast. It can be seen from the initial orientation of the fiber with respect to the local shear ͑see Fig. 2͑d͒͒ that in the Face-1 initial location the fiber is such that only basal slip is activated on the basal plane. The basal plane is initially perpendicular to the imposed shear direction. In such a situation, the lattice spin is twice as large as the rigid body spin. This has been shown in the Appendix of Beausir et al. ͓32͔. However, even this very large initial rotation rate is not sufficient for the fiber to reach the ideal B fiber. The effect of DRX on the texture will be discussed below.
Texture in the Face-2 Position.
In order to interpret the texture evolution in the Face-2 position, again an appropriate section of the ODF is examined, the 2 =30°͑see Fig. 14͒ . Here the initial fiber crosses the section at the ͑ 1 = 270°, =15°, 2 =30°͒ orientation. In all other 2 = const sections, the fiber remains at the same position ͑it is a 2 fiber in contrast to the fiber in the AZ71 axisymmetric texture, which is a fiber͒. ͑Note that the maximum is not repeated with 180°periodicity in the 1 direction in orientation space as it would be usual for a simple shear texture-due to the sample symmetry-as there is no twofold symmetry of the texture around the r axis of the specimen for the present nonaxisymmetric initial texture.͒ After the ␥ = 1.3 shear, the fiber moves toward the ideal P fiber ͑see Fig. 14͑b͒͒ approaching it by about 30°. The superimposed predicted velocity field is in agreement with the observed rotation of the fiber. The predicted texture is very similar to the experimental one; the difference is that it shows a "tail" of the texture between the initial and final positions. However, the intensity along the tail is relatively low; actually, the maximum ODF position lies in another section, which will be presented in the DRX section below. Nevertheless, the ODF section presented in Fig. 14 was very useful for the interpretation of the texture development.
The interpretation of the texture development in the Ear-1 and Ear-2 positions can be done in a similar way as for the Face-1 and Face-2 textures; however, they are not detailed here in order to save space.
Hardening.
Although the experimental torque-twist angle curves could not be converted into shear stress-shear strain curves for the pure Mg sample due to its nonaxisymmetric texture, during the texture development simulations, stress-strain curves were also obtained. They are plotted in Fig. 12͑b͒ for the four local textures considered in the Mg sample. As can be seen, a Transactions of the ASME small amount of softening was predicted for the Ear-1 and Face-2 textures, while significant strain hardening is obtained for the Ear-2 and Face-1 locations. As the slip system strengths were kept constant in the simulations, the observed behaviors can again be attributed to geometrical hardening effects that are due to the evolution of the texture.
Dynamic
Recrystallization. The effect of DRX was neglected in the polycrystal simulations of the textures discussed above. This gives us the possibility to detect the differences in the textures that might be attributed to the occurrence of DRX. One commonly considered mechanism of DRX is the growth of nuclei that are rotated Ϯ30°with respect to a "parent" grain ͓36-39͔. In the present textures of pure Mg, the fibers are such that the common axis of rotation is the c axis of the crystals. Thus, when the mechanism of rotation by Ϯ30°around axis c is operating, the newly formed grains will remain in the fiber. Consequently, the position of the fiber remains unchanged. Nevertheless, the intensity distribution along the fiber can be changed. This is exactly the case in the Face-1 texture shown in Fig. 13 . The texture due to slip only retains the intensity distribution of the initial fiber ͑compare Figs. 13͑c͒ and 13͑a͒͒ , while in the recrystallization texture ͑Fig. 13͑b͒͒, the strength at the center of the fiber is increased.
Considering the above mentioned DRX mechanism by a rotation of Ϯ30°of the newly formed grains, one can see that in such a mechanism when both the positive and negative rotations are applied with equal probability ͑no variant selection͒, the fiber intensity should tend to be uniform. The reason is that there are more orientations leaving the high intensity positions than those coming to the same position from low intensity places. The change in the experimental texture, however, is just the opposite as there is a strong peak in the middle of the fiber. Therefore, it is reasonable to assume that there is variant selection in such a DRX process.
The Taylor factor is frequently applied in DRX modeling, which can account for the stored energy differences in differently oriented grains, a driving force in the DRX process ͓40-42͔. It is defined as follows:
Actually, the amount of slip is proportional to the Taylor factor, so the quantity of dislocations remaining in the crystal can be represented by M. The dislocation density is directly proportional to the stored energy. For the above reasons, the Taylor factor was calculated using the Taylor model. ͑Similar trends were obtained with the self-consistent model as well, with somewhat lower M-values.͒ The results are plotted in the same sections as the experimental ODF for the Face-1 and Face-2 textures in Figs. 13͑c͒ and 15, respectively. As can be seen in both cases, the maximum intensity position of the ODF coincides with the local minimum of the Taylor factor. In Fig. 15 , even the shape of the ODF follows the M factor variation. In conclusion, the Taylor factor seems to be a decisive factor in the development of the orientation density during DRX. It is, nevertheless, difficult to estimate at this point what the exact mechanism of the DRX process is. Namely, is it oriented nucleation and growth or perhaps selective growth? Both of them were identified in earlier DRX simulations ͓40,41͔. However, these were carried out on copper. Further investigations are necessary to develop more precise ideas and possible modeling for the effect of DRX in the evolution of the ODF during large plastic strain of Mg.
Deformation Anisotropy.
Finally, the formation of the ears and faces can be interpreted as follows: Due to the variations in the texture along the circumferential direction, the material anisotropy also varies as a function of the angular position. Consequently, when torsion loading is applied, the local response in the strain of a material element is not exactly the same; it depends on its local anisotropy. As the initial anisotropy is determined by the initial fiber position, two directions will be the major axes of the anisotropy in a plane perpendicular to the bar axis: one parallel to the fiber axis and one perpendicular to it. The deformation behaviors at these two locations are very different. Most importantly, the Swift effect, which is very sensitive to the initial anisotropy, should be significantly different. The overall axial strain is shortening, however, with different amounts at these perpendicular directions. Then, by taking into account volume constancy, it follows that the stretching in the radial directions should be different, too. In this way, the initially circular cross section of the bar becomes distorted into regions that we refer to in this paper as ears and faces.
Conclusions
Two different Mg materials were examined in the present work by torsion testing. The main difference between them was their initial texture. For the AZ71 Mg material, the initial texture was a fiber parallel to the axis of the bar. For the pure Mg sample, the texture was not axisymmetric as the torsion sample was prepared from a rolled Mg plate. The texture development and the Swift effect were examined experimentally as well as by polycrystal simulations. From the results obtained, the following main conclusions can be obtained.
1. For both materials, the initial fiber texture was nearly maintained in a rotated position by a rotation mainly in the direction of the applied shear. The rotation was significantly larger than the rigid body rotation imposed in the test. This particularity was reproduced by the simulations as well. The initial textures were far from the ideal locations, which were not reached during the tests. 2. The experimental strain hardening was simulated successfully in AZ71 with polycrystal modeling without increasing the strength of the slip systems during deformation. Thus, the observed macroscopic hardening is a geometrical textural hardening. 3. In the pure Mg material, the sample changed its initial circular cross section into an elliptical one. This effect was due to the initial texture, which was not axisymmetric. Consequently, the deformation texture was also not axisymmetric. Local texture measurements carried out with EBSD together with polycrystal simulations permitted the interpretation of the texture development with the help of the rotation field characteristics of simple shear textures. 4. The local minimum values of the Taylor factor coincide with the maximum intensities of the ODF in the recrystallized fiber of the deformed pure Mg. It is proposed that the DRX process is controlled by the Taylor factor, which represents the stored energy in the crystal.
